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The Salmonella typhimurium aroF gene, encoding the tyrosine-sensitive 3-deoxy-D-ani^mo*heptiilosoimte 
7-phosphBte (DAHP) syDtbase, was localized to a chromosomal Pstl fragment by Southern blotting with an 
Escherichia coli aroF probe. This fragment was cloned by screening a plasmid library for complementation of 
an coli aroP mutant* The nucleotide sequence of 5« typhimurium aroF was determined and compared with 
its £. coU homolog. The nucleotide sequences are 85.1 % Identical, and the corresponding ambio acid sequences 
are 96.1% identical. The £. coJi genes encoding the three DAHP synthase isoenzymes are evblutionarily more 
distant from one another than are the homologous aroF genes of E. coH and 5. typhimurium. The 5. 
typhimurium aroF regulatory region contahis three bnperfect palindromes, two upstream of the promoter and 
one overlapping the promoter, that are nearly identical to operators aroFol, aroFol^ and TyrR box 1 of £. coU, 
The aroFol and aroFo2 sequences of the two organisms are each separated by three turns of the DNA helix with 
no sequence similarity. The 5' ends of the aroF transcripts for both organisms contain untranslated regions 
with potential 5tem4oop structures. Translational fusions of the aroF regulatory regions to lacZ were 
constructed and then Introduced in single copy into the E. coli chromosome. p-Galactosidase assays for 
lyrH-mediBted regulation of aroF-lacZ expression revealed that the £. coli TyrR repressor apparentiy 
recognizes the operators of both organisms with about eqiial efficiency. 



In bacteria and plants, aromatic amino acid biosynthesis 
proceeds by the common aromatic or shilcimate pathway, 
which delivers chonsmate to the terminal pathways to 
generate phenylalanine, tyrosine, and tryptophan (18, 32). In 
Escherichia coti, carbon flow through the shikimate pathway 
Is controlled by modulation of the first enzyme, the 3- 
deoxy-D-aro^^mo-heptulosonate 7-pho$phate (DAHP) syn* 
thase (EC 4 L2.15) (31). This enzyme catalyzes the conden- 
sation of phosphoenolpyruvate and erythrose 4*phosph8te to 
DAHP (41). 

In £. coli and Salmonella typhimurium there arc three 
DAHP synthase isoenzymes that can be distinguished by 
iheur regulatory properties. The tyrosine-, phenylalanine-, 
and tryptophan-sensitive isoenzymes arc encoded by the 
unlinked genes aroF, aroG, and aroH, respectively (11, 32). 
The nucleotide sequences of the E, coli aroF^ aroG, and 
oro// genes have been determined (9, 33, 38). Expression of 
aroF and aroG is repressed by the tyrR gene product, the 
Tyr repressor, complexed to tyrosine or phenylalanine, 
respectively. Regulatory mutants with lesions linked to aroF 
were isolated (7, 12). Nucleotide sequence analysis localized 
the lesions to three operator boxes, designated aroFol and 
aroFo2 (12) and TyrR box 1 (7). These boxes are 20- 
base-pair (bp) imperfect palindromes; aroFol and aroFol 
are of similar sequences, located upstream of the aroF 
promoter, and arc separated by three turns of the DNA helix 
(12). The TyrR box 1 overlaps the promoter and shows some 
sequence simUarity with aroFol and aroFo2 (10). The regu- 
latory region olaroG features only one operator box, which 
is similar to aroFol and aroFo2 (12).. 

In wild-type £, coli grown in minimal media* the phenyl- 
alanine-sensitive DAHP synthase contributes 80% and the 
tyiDsinc-scnsitivc DAHP synthase contributes 20% of the 
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total enzyme activity (42), However, the aroF promoter 
scores much higher than the aroG promoter on a scale of 
relative promoter strength (12, 15), a fact that may only be 
reflected in tyrR strains. Thus, repressor binding to the aroG 
operator may be less efficient than to the aroF operator. In 
wild-type 5. typhimurium grown in minimal media, the 
phenylalanine-sensitive DAHP synthase may also be the 
m^jor isoenzyme (20). although the tyrosine-sensitive isoen- 
zyme has been reported to predominate under these condi- 
tions (22). A comparison of the nucleotide sequences for the 
aroF genes of £, coli and S. typhimurium was expected to 
offer some insight into an explanation for the potentially 
different expression levels^ This report describes the cloning 
and characterization of aroF from 5. typhimurium, the 
construction of E. coli and S, typhimurium aroFAacZ trans- 
lational fusions, and studies on the regulation of 5^ typhimu- 
rium aroF in £. coll^ 

MATERIALS AND METHODS 

Bacteria, plasmids, and bacteriophages. Bacteria, plas- 
mids, and bacteriophages used in this study are listed in 
Table 1. E, coli GKM41 {aroF hsdR4) was derived from 
JM105 (47) in two steps by using phage PI grown on NK5161 
(fyrA:;Tn/0) (23) and YS482 {aroF), respectively. Strain 
YS482, isolated by R. L. Somcrville, is a one-step UV- 
induced mutant of wild-type strain W1485. Strain YS482 
lacks tyrosine-sensitive DAHP synthase. Strain GKM41 
grows on minimal salts medium, but not on such medium 
supplemented with phenylalanine and tryptophan. Strain 
SP564, a CSH63 derivative obtained by transduction with 
phage PI grown on PLK 1336, has a Tn/(? insertion near tyrR 
but is Tet^ and TyrR^, Strain SP564-1, an SP564 derivative 
from which the TnlO has been excised by the method of 
Bochncr ci al. (4), is Tet* and TyrR"'.. Bacteria were grown 
in either Luria broth, 2x YT (29), or minimal salts medium 
supplemented with vitamin B| and biotin (45). Cells were 
plated on nutrient agar or M9 agar supplemented with 
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TABLE ]. Bacterial strains, phsmids^ and phages used in this study 



DcsigDation 



Relevant genotype and genes 



Source or reference 



S* typhimurium 

LT2 
E. coll 

yS482 

JMiOl 

JM105 

D1210 

NK5161 

GkM4I 

MC4100 

CSH63 

PLK1336 

SP564 

SP564.1 

Tiasmlds 
pKGW 
PMLB1034 
pCG201 
pGM59 

Bacteriophages 
M»mpl8, M13mpl9 
M13GME 
M13GMS 
XR25 
XGME4 
X0MS4 



WUd type 
arpF 

hsdR4 

fyrA: :Tn/0 
aroF hsdR4 

tch223:',TnlO near min 28 
MhC'pro) zci^233::TnW 
Mlac'pro) tyrR 



E. coll endonudease 
Promoterless lacZ 
E, coll aroF 
S. typhimurium aroF 



laca 

E. coll aroF regulatory region 

S. typhimurium oroF regulatory region 

Promoterless 'lacZ/ bta 

E, coll aroF^tacZ fusion 

S. typhimurium aroF-lacZ fusion 



R L. SomervtUe 

R. SomervtUe 

28 

47 

24 

N. Kleckner via R L^ SomerviUe 

This study 

40 

29 

P. L Kuempel via R. L. SomerviUe 
R, L SomerviUe 
R. L. SomerviUe 



24 
40 
12 

This study 



28 

This study 
This study 

R. Zagursky via H. Zalkin 
This study 
This study 



vitamin B| and biotin (29) and» where indicated, with 20 \l% 
of amino acids per ml, 50 >tg of ampiciUin per ml, 20 M^g of 
kanamycin per ml, and 15 ytg of tetracycline per ml. M13 
phages were plated in Luria broth top agar containing 40 |tg 
of 5-bromo-4-ch]oro-3-indolyl'p*D-galactopyranoside (X- 
Gal) per ml and 28 (ig of isbpropyl-p-D-thiogalactopyrano- 
side (IPTG) per ml. \ phages were plated in tryptone top agar 
on minimal plates supplemented with 40 y^z of X*Gal per ml. 

Cbemlcals. Phosphoenolpyruvate (5) and ei7throse 4- 
phosphate (39} were synthesized and assayed as described 
previously. Kanamycin, chloramphenicol, tetracycUne, ty> 
rosine^ phenylalanine, and tryptophan were from Sigma 
Chemical Co.; nutrient agar was from Difco Laboratories; 
agarose and IPTG were from Bethesda Research Laborato- 
ries, Inc.; X-Gal, dideoxy nucleotides, and 7-deaza-dGTP 
were from Boehringer Mannheim Biochemicals; [a-'^P] 
dCTP was fVora ICN Radiochemicals or Amersham Corp,; 
low-melting-point agarose was from FMC Corp., Marine 
CoUoids Div.; redistiUed phenol and O.Z-mm wedge-shaped 
sequencing gel spacers were from International Biochemi- 
cal, Inc.; deoxynucleotides were from Pharmacia, Inc.; 
acrylamide. hydroxylapatitc-HTP, and protein molecular 
weight markers were from Bio-Rad Laboratories; and form- 
anlide and propanediol were from Eastman Kodak Co. 
Oligonucleotides were synthesized by the Purdue Labora* 
tory for Macromolecular Structure. 

Enzymes. Restriction enzymes and T4 DNA iigase were 
firom Bethesda Research Laboratories or New England 
BioLabs, Inc.; restriction enzyme and iigase buffers and 
exoouclease III were from Bethesda Research Laboratories; 
Klenow fragment of DKA polymerase I was from Boehr- 
ijiger Mannheim Biochemicals or New England BioLabs; 
Klenow sequencing kit, T4 polynucleotide kinase, and mung 
bean nuclease were from New England BioLabs; Sequenase 
(17 DNA polymerase) and Sequenase sequencing kit were 



from U S. Biochemicals Corp. DAHP synthase was assayed 
as described previously (37). 

DNA manipulations* Chromosomal DNA was isolated by 
the method of Saito and Miiira (34); agarose gel electropho- 
resis, ligations, plasmid and phage miniscreens, electroelu- 
tions, and transformations were as described previously (1). 

DNA probes were labeled by nick translation with [a-'^P] 
d(jrP. Genome blotting to dried agarose gels (44) was 
performed under optimal hybridization conditions (2, 27). 5. 
typhimurium DNA, digested with restriction endonudease 
Pst\ and size fractionated, was ligated into pKGW (24). The 
resulting recombinant plasmids were grown in E, coll D1210 
on M9 medium containing kanamycin and IPTG. Amplifica- 
tion and preparation by the method of Birriboim (3) yielded 
the recombinant plasmid pOM59. 

Site-directed mutagenesis with an Amersham kit was 
performed by the method of Sayers et al. (36). Mutants were 
screened by Smal digestion, and the mutations were con- 
firmed by nucleotide sequence analysis. 

Nucleotide sequence analysis. For nucleotide sequence 
analysis by the dideoxy method (35). pGM59 fragments were 
cloned into phages MI3mpl8 and M13mpl9. One subclone 
was generated by ligating the 900-bp BssWl fragment pre- 
viously filled in with DNA polymerase I (Klenow fragment) 
(1) into the Sma\ site of M13mpl8. The resulting clone had 
the same orienution as lacZ, This recombinant was used for 
exonuclease III digestion (16). Both replicative-form and 
single-stranded phages were prepared, and the extent of the 
deletions was determined by agarose gel electrophoresis and 
DNA sequencing . Two plasmids with deletions of 150 and 
350 bp were used to complete the nucleotide sequence 
analysis of the B^^HII fragment. 

aroF'lacZ fusions. The aroF regulatory regions of £. coll 
and 5. typhimurium were subcloned into pMLB1034. The 
resulting recombinant plasmids were used to transform E. 
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FIG. 1 Restriction cndonucleasc cleavage maps for the E coli 
and S. typhimunum aroF genes anil cloning scheme for typbimw 
rium aroF. 



coli MC4100, yielding Lac"** derivatives that served as hosts 
to prepare lysatcs of XRZS (14) by th': method of Silhavy ct 
al. (40). Recombinant phages carrying functional lacZ genes 
were identified as blue plaques on X<3al-agar. Six lysogens 
from each XRZ5 derivative carrying aroF-lacZ fusions were 
purified and shown to be single lysogens (40). The 
galactosidase activities in extracts of the lysogens were 
measured and are given in Miller units (29). 

Purificotion of 5, typhimunum tyrosinc*sensltivc DAHP 
synthase^ E, coli GKM41 carrying plasmid pGMS9 was 
grown to late log phase in minimal salts medium containing 
ampicUlin. The cells were harvested by centrifugation and 
resuspended in 50 mM potassium phosphate (pH 6 5) con- 
taining 2% propanediol and 2 mM phosphoenolpyruvate 
(buffer A). The cells were disrupted in an Aminco French 
pressure cell at 20,000 Ib/in^; cell debris was removed by 
centrifugation for 60 mi n at 25,000 x g. The supernatant was 
Created with 01 volume of 2% protamine sulfate, and the 
precipitate was removed by centrifugation for 75 min at 
30,000 X g. The supernatant was applied to a BioGel 
hydroxylapatite-HTP column equilibrated with buffer A> 
Protein was eluted from the column with a 500-ml linear 
gradient of 0.05 to 0 5 M potassium phosphate containing 2% 
propanediol and 2 mM phosphoenolpyruvate. 

Protein was quantitated by the procedure of Lowry et al. 



(26); gel electrophoresis was performed on a sodium dodecyl 
sulfaie-10% polyacryiamide gel by the method of Laemmli 
(25); the proteins in the gel were detected by sUver staining 
(46). Amino acid sequencing was carried out on an Applied 
Bibsystems model 470A gas-phase sequenator with a model 
120A analyzer (17). 

RESULTS 

Genome blotting* S< typhimurium LT2 chromosomal DNA 
was digested separately with five restriction endonucleases. 
The digestion products were subjected to agarose gel elec- 
trophoresis. The dried gel was probed with £*. coli DNA 
encoding tyrosine-sensilive DAHP synthase. Plasmid 
pCG201 (38) carries the E. coli aroF gene (Fig, 1) totally 
contained within two Ddel fragments of 714 and 796 bp. The 
autoradiogram of a gel probed with the 796-bp Ddel fragment 
is shown in Fig. 2A. The 714-bp Ddel probe gave aii identical 
pattern. Pstl digestion yielded a 5.5'kilobase (kb) fragment 
that hybridized with both the 796- and 714-bp Ddel probes 
and was predicted to contain the entire aroF gene of 
typhimurium. 

?jfl-digested 5, typhimurium LT2 DNA was subjected to 
gel eleclrophortsis with low- melting-point agarose- Frac- 
tions containing DNA fragments of different sizes were 
isolated by phenol extraction of gel slices melted at 65^0. A 
sample of each fraction was subjected to agarose gel eiec> 
trophoresis and probed as before with the 796-bp Ddel 
fragment (Fig. 2B). DNA of fraction 3 was used in the 
cloning experiments. 

Cloning of 5. typhimurium aroF, The positive selection 
vector pKGW (24) was chosen to clone S* typhimurium 
aroF^ This plasmid carries the gene encoding the restriction 
endonuclease £coRI under the control of the lacUVS pro-, 
moier (Fig 1). This high-copy-number plasmid is lethal to 
wild-type cells, but can be propagated in lacf* cells grown in 
the absence of inducer. Upon induction of the lacVVS 
promoter with IPTG, overproduction of EcoRI becomes 
lethal to the host cells, unless the coding sequence of EcoKl 
is interrupted. The Pstl or Bglil sites within the £c0R] 
coding sequence are suitable cloning sites. 

Size-fractionated /'jrl-digested S> typhimurium DNA was 
cloned in plasmid pKGW, Transformants of £. coli D1210 
(/acf) were selected in the presence of IPTG and kanamy- 
cin~ A library of recombinants was generated* amplified, and 
screened by transformation of the aroF strain CKM41. 
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FIG. 2. Ocnome blotting of 5 typhimurium DNA (A) 5. t^phi- 
murium DNA was digested with the indicated restriction endonu- 
deases, and the digests were subjected to agarose gel electropho- 
resis The dried gel was hybridized with the 796-bp Z7</f I probe from 
E. colt (Fig. ly (B) i'jfl-dlgested S typhimurium DNA was size 
fractionated by agarose gel electrophoresis; samples of fractionated 
DNA fragments were again sutyected to agarose gel electrophoresis 
and treated as in panel A 



2262 



MUDAY AND HERRMANN 



II 



FIG. 3 Sequencing strategy for S. ryphimurlum aroF The box 
indicates the coding region of aroF. Arrows mark the extent and 
direction of nucleotide sequence runs. The two clones of the 
exonuclease Ill-digested BssHll fragments are marked with aster* 
isks. 



Selection was made for growth on minimal salts medium 
supplemented with phenylalanine and tryptophan. An aroF' 
containing plasmid designated pGM59 (Fig. 1) was isolated 
fuid shown to contain aroF by hybridization and DAHP 
synthase assay of cell extracts from plasmid-bearing strains. 

Nucleotide sequence analysis of 5. typhimurium aroF, The 
5.5-kb Pstl insert of plasmid pGM59 was subjected to 
restriction analysis (Fig. 1). By hybridization analysis, aroF 
was localized within the 5.5-kb Pstl fragment to a 2-kb 
EcdBS'HinzW fragment.^ Figure 3 shows the strategy that 
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FIG 4. Nucleotide sequence of the S. typhimurium qtqF (Oen- 
Bank no . M31302) and amino acid sequence of the encoded tyrosine- 
sensitive DAHP synthase (middle two lines). The sequence varia- 
tions to the E coU aroF coding region (upper line) and the £. coli 
DAHP synthase (lower line) are also shown. 
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was used to obtain the nucleotide sequence of the 2-kb 
EcoRV-^McII fragment. The nucleotide sequence reveals a 
1,068-bp open reading frame that is similar in sequence to 
aroF of £. coli (Fig. 4). 

Purification of 5, typhimurium tyroslne-sensltive DAHP 
synthase and amino acid sequence analysis. IDe tyrosine- 
sensitive DAHP synthase was purified from extracts of £. 
coli GKM41 (aroF) carrying the 5. typhimurium aroF plas* 
mid pGM59. A two-step procedure yielded enzyme of near 
cicctrophoretic homogeneity (Fig. 5). The protein was sub- 
jected to N-termina! amino acid sequence analysis The 
N-tcrminal 14 amino acid residues are identical to those 
predicted from the nucleotide sequence of the 1,068-bp open 
reading frame. Thus, we have cloned and sequenced the 
coding region of the typhimurium aroF gene. 

ReguJatioD of 5. typhimurium aroF in coU. To initiate a 
functional analysis of the S typhimurium aroF regulatory 
region, we constructed two very similar lacZ fusions to the 
homologous regions of the £. coii and the 5. typhimurium 
aroF genes; the fusions contain identical coding regions. 
Site-directed mutagenesis was used to generate two Smal 
sites covering codons 4 and 5 of the two genes (Fig 6) Two 
M13 constructs served as templates for the mutagenesis: 
M13GME contains the 674-bp EcoK\-Nde\ E, coli fragment 
(Fig. 1) that encompasses 334 bp upstream of the E, coli 
aroF transcription start. M13GMS contains the 434-bp 
EcoKV-Smal S typhimurium fragment (Fig. 1) that covers 
313 bp upstream of the predicted S. typhimurium aroF 
transcription start. Both fragments were inserted into the 
Smal site of M13mpl8 After mutagenesis, new Smal sites 
were detected by restriction analysis and conftrmed by 
nucleotide sequence analysis. The EcoKl'Smal fragment 
that contains 18 bp of the M13 polylinker 5' to the new £. 
coli EcoRV'Smal fragment of 397 bp and the EcoKl-Smal 
fragment that contains the same polylinlcer fragment 5' to the 
new S, typhimurium EcoRV-Smal fragment of 376 bp were 
subcloned into the EcoKl and .Smal sites of the polylinker of 
plasmid pMLBI034, which carries a promoterless /acZgene, 
yielding aroF-lacZ translational fusions. In the two recom- 
binant pMLB1034 derivatives, codons 4 of the E. coli and 
the S, typhimurium aroF were fused to codon 6 of /oc2. The 
inserts of the recombinant plasmids were confirmed by 
restriction and nucleotide sequence analyses. 
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FIG. 5. Purification of 5. typhimurium tyrosinc-sensilivc DAHP 
synthase. Protein samples were subjected to sodium dodecyl sul- 
fate-polyacrylamide gel electrophoresis, and proteins were detected 
by sUver staining. Lanes: 1, molecular weight marker; 2, 1.4 jig of 
protein after treatment of the extract wtih protamine sulfate; 3. 2.8 
fbg of protein after ammonium sulfate precipiuition; 4, 0 6 ^ of 
protein from the hydroxylapalile pool 
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MET GUN LYS ASP ALA iXU 
6CCATC AT6 CAA AAA GAC GCC CTG 

lite dlredfid mutagenesis 
GCCATC ATG CAA AAA CCC GGG CTG 



digestion wJtti Smal 

ligotion into Smol digested pMLBI094 
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FIG. 6 Construction of aroF-hcZ fusions. The sequences 
around tbe site of mutagenesis are identical for B. coH and 5. 
typhimurium. Througli three single-base<pair changes a new Smal 
site is obtained overlapping qtoF codons 4 and 5. 



Phage \RZ5 was used to place the aroF-lacZ fusions in 
single copy at the \ ait site on the E, coii chromosome (14). 
P-OaJactosidase activities in the resulting lysogens grown on 
media with and without tyrosine were determined (Table 2). 
Cells of O""^"*" strains grown in minimaJ-salls tyrosine me- 
dium show very similar, low enzyme values, indicating that 
the £. coU Tyr repressor can regulate the expression of both 
the £. toH and the S. typhimurium aroF gene. Since the aroF 
genes differ markedly for the nucleotide sequence in the 
three helix turns that separate aroFoJ and aroFo2 (12), our 
results also suggest that the sequence in this region is not 



TABLE 2. Regulation of typhimurium arpF in £. coli 



LysogcR 



2W tyrosine 
supplemeni 



p-GoIactosidBsc DcUvity 

Miller Relative 
udIu activity 



SP564(\GME4) 




0.32 ± 0 02 


1 


SP564(KGME4) 




23 ± 0,1 


7 


SP564-1(XGME4) 


+ 


25.3 i 13 


80 


SP564.1(XGME4) 




26,0 i 2.1 


81 


SP564(KGMS4) 


+ 


0 3 ± 0.09 


1 


SP564(\GMS4) 




4 1 ± 0.1 


13 


SP564-MXCMS4) 


+ 


49.4 ± 3.0 


155 


$P564-1(KGMS4) 




46 2 A A A 


145 



critical for repressor function. Under conditions of derepres- 
sion, p-galactosidase activity from the typhimurium aroF- 
lacZ fusion is about twice as high as the activity in the 
corresponding strain carrying the £. coli fusion (Table 2). 



DISCUSSION 

5. typhimurium chromosomal DNA contains a 5.5-kb Pstl 
fragment that strongly hybridizes with E. coii aroF probes. 
The 5.5-kb Pst\ fragment was cloned into the positive 
selection vector pKGW. The recombinant plasmid pGM59 
complements the £, coii aroF mutant strain GKM41. A 
restriction map of the 5.5-kb insert of pGM59 was obtained, 
and the position of oroF on a 2-kb fragment within the insert 
was determined by hybridization analysis. 

The nucleotide sequence of this 2-kb fragment contains a 
1,068-bp open reading frame with extensive sequence simi- 
larity to the E coli aroF gene (38). The two DNA sequences 
are 85. 1% identical. Several other genes have been se- 
quenced from both S typhimurium and E. coli, most notably 
the genes of the /rp operon (8, 19, 30, 48), The trp operon 
genes showed between 75 and 84% sequence identity. The 
degree of relatedness of tbe two aroF genes is within the 
range at the upper end of the identity scale, perhaps re- 
flecting the highly evolved role of DAHP synthase as a 
control enzyme for the common aromatic amino acid bio- 
synthetic pathway (31). 

The 85.1% identity between the two oroF genes contrasts 
with about 50% identity between £. coii aroF and the other 
two £. coli genes encoding DAHP synthases (9, 33, 38). The 
three £. coli genes aroF, aroG, and aroH are evolutionarily 
more distant than the homologous 5, typhimurium and £. 
coli aroF genes, suggesting that the three DAHP synthase 
isoenzymes existed before the genera Escherichia and Sal* 
monella diverged. 

The S typhimurium aroF gene encodes a protein of 356 
amino acid residues. 5. typhimurium tyrosine-sensitive 
DAHP synthase was purified, and the amino acid sequence 
predicted by the nucleotide sequence was confirmed through 
N-terminal sequence analysis. The amino acid sequences of 
the tyrosine-sensitive DAHP synthase from S typhimurium 
and £, coli are 96.1% identical (Fig. 4). There are only 14 
amino acid residue differences between the two proteins. 
Eleven of these differences are localized to three small 
regions of the protein, residues 32 to 43, 125 to 132, and 345 
to 353, Within these regions the sequence similarity is only 
55.6, 66.3, and 66 7%, respectively. Apparently, none of 
these differences have a marked influence on the kinetic or 
stability properties of the enzyme. The apparent Yf^an values 
for both enzymes are very similar, and both enzymes are 
subject to rapid inactivation when cells approach the station* 
ary phase of growth (0. K. Muday and K. M. Herrmann, 
unpublished data), a phenomenon previously described for 
the £. coli enzyme (43). 

The codon usage of the two aroF genes is relatively close 
to the overall codon usage of £. coli, as well as to each other. 
It is. however, quite interesting that in both aroF genes rare 
codons are used for the aromatic amino acids tyrosine and 
phenylalanine. In £. coli, 40% of all tyrosine codons are 
TAT; for the aroF genes, five of seven £. coli and six of 
seven S. typhimurium codons are T AT. L ikewise in £. coli, 
37% of all phenylalanine codons are TTT; for the orgF genes 
of both organisms, seven of seven codons are TTT. Also, 
several other rare codons are used slightly more frequently 
in the typhimurium gene, for example, TTA and TTO for 
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FIG. 7. Comparison of aroF regulatory regions otE> coll and S- typhtmurium. The complete £. coU sequence and the 5, typhimuHum 
variations are given. Brackets designate operator boxes aroFoit aroFo2t TyrR box 1, and a palindromic sequence of unknown significance^ 
Identified operator mutations C7, 12) are indicated by the arrows above the sequences. 



leucine, ATA for iso]eucine» and CGA and CGG for argi- 
nine, 

A more quantitative analysis showed a coxrelation of 
optimal codon usage to cellular levels of the protein products 
C21). When this analysis is applied to the two aroF genes, the 
frequencies are 0.61 and 0.64 for 5. typhlmunum and E. colU 
respectively. The coli aroF value is close to 0.63, 0.65, 
and 0,66 for the coli trpA, trpD, and trpE genes, respec- 
tively. The frequencies of optimal codon usage for typhi- 
murium trpA, trpB, and trpD are all 0.63, slightly lower than 
the £, coli trp gene values, just as the S. typhimurium aroF 
gene has a lower value than the coli aroF gtnc. This result 
is in good agreement with a few other examples (13) that 
show higher frequencies of optimal codon usage in E. coli, 
suggestive of a slightly tighter codon preference. 

The regulatory regions of the two aroF genes were also 
compared. For the E. coli gene, the start of Uranscription has 
been determined (12), a strong promoter has been identified 
(12), and three operator boxes have been defined by muta- 
tional analysis (7, 12). The aroF regulatory region of 
typhimurium shows a high degree of sequence identity to the 
corresponding £. coU sequences of defined regulatory func- 
tion, but very little similarity in the sequences outside the 
defined regions (Fig. 7). In all E. coli aroF operator muta- 
tions identified thus far, the changes are in nucleotides that 
are identical for both wild-type organisms (Fig. 7). The S. 
typhimurium promoter was assigned on the basis of its 
similarity in sequence and location to the coli promoter. 
The promoters are very similar and very strong, with Mc^ 
Clure algorithm scores of 68.6 and 69.2 for the typhimu- 
rium and the E, coli promoter, respectively (15). 

Three operator boxes were identified within the typhi- 
murium regulatory region, based on their similarity to the £. 
coli boxes. The sequence and location of the boxes and the 
distance between them are very similar for both genes (Fig. 
7). The distance between aroFoI and aroFo2 corresponds to 
three turns of the helix. Although the distance between these 
operator boxes is preserved, the nucleotide sequence in the 
region between the boxes shows much less similarity, indi- 
cating that the distance, if not the sequences, between the 
boxes may be important for proper operator recognition by 
the tyrR product. 

The high degree of similarity between the regulatory 
regions of the two aroF genes suggests that the levels of 
transcription and translation of these two genes should be 
very similar. To compare the control features for both aroF 



genes, we fused their regulatory regions to lacZ and mea- 
sured the p-galactosidase levels in strains carrying the trans- 
lational fusions in single copy. Under derepression condi- 
tions, expression of the S. typhimurium promoter is about 
twice that of the £. coli promoter. This difference could 
account in part for the higher levels of the tyrosine-sensitive 
DAHP synthase reported for wUd-type 5. typhimurium (22). 
Under repression conditions, the enzyme values were about 
the same. These results indicate that the E. coli Tyr repres- 
sor recognizes both E. coli and 5- typhimurium aroF oper- 
ators with about equal efiiciency. Since the sequences that 
separate aroFoI and aroFo2 in the two organisms show no 
similarity, one may assume that the sequences within these 
three turns of the DNA helix cannot be part of the recogni^ 
tion signal for repressor binding. A preliminary study with a 
multicopy ptasmid system suggested that the distance be- 
tween E coli aroFoI and aroFo2 is also not critical for 
repressor recognition (6). However, the separation of the 
two operator boxes by three turns of a helix for both 
organisms suggests an important role for this portion of the 
regulatory region. The regulatory region of the £. coli aroL 
gene, which is also controlled by the tyrosine repressor, also 
has three operator boxes, arranged in the same way as the 
aroF boxes (10)« The distance between the two upstream 
aroL boxes is again three turns of the helbc, yet the nucleo- 
tide sequence of the spacer shows no similarity to the 
corresponding aroF E. coli or 5. typhimurium sequences* 

A new potential regulatory region is also seen when the E. 
coli and 5. typhimurium aroF gene sequences are compared. 
In the untranslated portion of the transcript for both regula- 
tory regions, a palindromic sequence is found with a poten- 
tial for stem-loop formation. The regulatory significance of 
these palindromes will be addressed through site-directed 
mutagenesis. 

ACKNOWLEDGMENTS 

Wc thank R. L. SomcrvUJe and H . Zalkin for bacterial strains and 
plasmids, M. A' Hermodson for help with the amino acid sequence 
onalysis, and R, L. Somerville ond B. L. Wanner for criUcol reading 
of the manuscript. 

O.K.M. was supported by David Ross grant 6901264. 

LITERATimE CITED 
1 Ausubel, P. M., R. Brent, R. E. iCIngston, D. D. Moore, J. G. 
Sledman, J. A. Smith, K. Struhl, 1987 Current protocols in 
molecular biology. Greene Publishing Associates and John 
Wiley & Sons, Inc.. New York, N Y. 



Vol. 172. 1990 



REGULATION OF S TYPHlMURfUM aroF IN E COl! 



2265 



2. Belu» G. Am K. A. JacobSi T. H. Elckbush» P. T. Cherbos, and 
F. C. Kafatos. 1983 . Isolation of mulligene famiUes and deter- 
minaiion of homologies by filter hybridization methods. Meth- 
ods Enzymoi 100:266-283. 

3. Birnbobn, H. C. 1983. A rapid alkaline extractioti method for 
the Isolation of plasmid DNA. Methods Enzymol. 100:243- 
249. 

4. Bochnco B. R., H. C Huang, G. L. Schleven, and B. N. Ames. 
1980- Positive selection for loss of letracycline resistance. J. 
Bacieriol 143*.926-933. 

5. Clarlc» V, M*, and A. J. Kirby. 1963. An improved synthesis of 
phosphoenolpyruvate. Biochim. Biophys. Acta 78:732. 

6- Cobbett^ C. S. 1988 Repression of the aroF promoter by the Tyr 
repressor in Escherichia colt K-12: role of the upstreom opera- 
tor site. Mol. Microbiol. 2:377--383 

7. Cobbetty C. S., and M. L. Dclbrldge. 1987 Regulatory mutants 
of the aroF'tyrA operon of Escherichia coii K-12 J Bacieriol. 
169:2500-2506. 

8. Crawford, I. P., B. P. Nichols, and C Yanofsky. 1980. Nucleo- 
tide sequence of the trpB gene in Escherichia coH and Salmo- 
neita typhimurium. J. Mol. Biol. 142:489*502. 

9. Davles, W, D., ond B. E. Davidson. 1982 The nucleotide 
sequence of aroG, the gene for 3-dcoxy-D-flro/)ma-heplU' 
losonate 7-phosphate synthetase (phc) in Eschericliia coli K-12 
Nucleic Acids Res. 10:404^058. 

10. DeFeyfer, R. C, B. E. Davidson, and J, Pittord. 1986. Nucleo- 
tide sequence of the transcription unit containing the oral, and 
aroM genes from Escherichia coil K-12 J. Bacienol. I6S: 
233-239 

11 Doy, C. H.» and K. D. Brown. 1965. Control of aromatic 
biosynthesis: the multiplicity of 7-phosphD-2-oxo-3-deoxy i> 
ar<]&i^c^hcptonate D-erythrose-4'phosphaie'lyase (pyruvaie-phos- 
phorylaiing) in Esciierichia coU W. Biochim Biophys- Acta 
104:377-389. 

12 Gamer, C, C, and K. M* Herrmann. 1985 Operator mutations 
of the Eschericliia coli aroF gene. J. Biol Chem. 260:3820- 
3825. 

13. Gouy, M., and C* Gauller. 1982. Codon usage in bacteria: 
correlation with gene expressivity. Nucleic Acids Res. 10:7055- 
7074. 

14 Grove, C. L., and R. P. GuosaJoSr 1987 Regulation of the aroH 
operon of Escherichia coli by the tryptophan repressor. J- 
Bactcriol. 169:2158-2164. 

15 Hawley, D. K., and W. R. McClure. 1983 Compilation and 
analysis of Escherichia coH promoter DNA sequences Nucleic 
Acids Res, 11:2237-2255. 

16 Henikoff, S. 1984- Unidirectional digesUon with exonuclease 111 
creates targeted breakpoints for DNA sequencings Gene 28: 
351-359. 

17. IlermodsoD» M. A., L. H» Ericsson, K. Tltani, H. Neurath, and 
K. A. Walsh. 1972. Application of sequenator analyses to the 
study of proteliis. Biochemistry 11:4493-4502 

18. Herrmann, M. 1983. The common oromatic blosynthetic 
pathway, p 301-322. M K M Herrmann and R. L. Somerville 
(ed ), Amino acids: biosynthesis and genetic regulation. Addi- 
son- Wesley Publishing Co , Reading, Mass. 

19. Rorowitz, H., J. von Arsdeli, and T. Piatt. 1983 Nucleotide 
sequence of the trpD and frpC genes of Salmonella typhimu- 
rium. lUoX Biol. 169:775-797.. 

20. Hu, C.-Y., and D, B. Sprinson. 1977. Properties of tyrosine- 
inhibitabte 3*deoxy-D*ora6mo*heptulosonic acid-7-phosphate 
synthase from Salmonella, ). Bacteriol. 129:177-183- 

21. Ikemura, T., and H. Ozekl. 1982. Codon usage ond transfer 
RNA contents: organism-specific codon choice patterns in ref* 
erence to the isoacceptor contents Cold Spring Harbor Symp 
Quant. Biol. 47:1087-1097. 

22. Jensen, R* A., D. S. Nosser, and E. W* Nester. 1967. Compara- 
tive control of a branchpoint enzyme in microorganisms J 
Bacieriol 94:1582-1593. 

23. Kleckner, N., J. Roth, and D. Botstein. 1977. Genetic engineer- 
ing in vivo using translocatable drug-resistance elements J 
Mol . Biol. 116:125-159. 

24. Kuhn, 1., F. H. Stephenson, H. W. Boyer, and P. J, Greene. 



1986 Positive selection vectors utilizing lethality of the £coRI 
cndonuclease. Gene 42:253-263. 

25. Laensnll, U. K. 1970. Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature (London) 
227:680-685. 

26. Lowry, 0. H., N. J. Rosebroogh, A. t. Farr» and R. J. Randall. 

1951 Protein measurements with the FoUn phenol reagent J 
Biol. Chem 193:265-275. 

27. Manlalls, T„ E. F. Fritscb, and J. Sambrook. 1982. Molecular 
cloning: a laboratory manual. Cold Spring Harbor Laboratory, 
Cold Spring Harbor, N.Y, 

28. Mcsstog, J, 1983. New M13 vectors for cloning. Methods 
EnzymoK 101:20-78. 

29. Miller, J. H. 1972 ExperimcnU in molecular genetics.. Cold 
Spring Harbor Laboratory, Cold Spring Harbor, N Y. 

30 Nichols, B. P., and C, Vanofsky* 1979. Nucleotide sequence of 
irpA of Salmonella typhimurium and Escherichia coli: an evo- 
lutionary comparison. Proc. Natl. Acad. Sci. USA 76:5244- 
5248. 

31. Oglno, I., C. Gamer, J. L.. Markley, and K. Hcrrroaiin. 
1982 Biosynthesis of aromatic compounds: "C NMR spectros- 
copy of whole Escherichia coli cells Proc Natl Acad. Sci 
USA 79:5828-5832. 

32. Pittard, J. 1987. Biosynthesis of the aromatic amino acids, p 
368-394. /n F. C Ncidhardt, J. L Ingraham, K B. Low, B, 
Magosanik, M. Schaechter, and H. £ Umbarger (cd.), Esche- 
richia coli and Salmonella typhimurium: cellular and molecu* 
lor biology. American Society for Microbiology, Washington, 
DC 

33. Roy, J. M., C. Yanofsky, and R, Bouerle. 1988. Mutational 
analysis of the catalytic and feedback sites of the tryptophan- 
sensitive 3^deoxy-D-GraM/io-heptulosonate 7-phosphate syn- 
thase of Escherichia coli J. Bacteriol 170:5500-5506 

34 Salto, H., and K- I. Miura. 1963. Preparation of transforming 
deoxyribonucleic acid by phenol treatment . Biochim. Biophys. 
Acta72:6]9-«29 

35. Sanger, F., S« Nlcklen, and A. R. Cottbon. 1977. DNA sequenc- 
ing with chain-terminating inhibitors Proc. Natl. Acad Sci. 
USA 74:5463-5467. 

36. Soyers, J. R., W. Schmidt, and F. Eckstein. 1988. 5'- 
3'Exonucleases in phosphothionate-based oligonucleotlde-di- 
reeled mutagenesis. Nucleic Acids Res. 16:791-802. 

37. Schoner, R., and K. M. Herrmami. 1976 i'Dcoxy-o-arabino- 
heptulosonate 7-phosphate synthase. Purification, properties 
and kinetics of the lyrosine-sensitivc isoenzyme from Esche- 
richia coli J. Biol. Chem. 251:5440-5447. 

38. ShulU, J., M. A. Hermodson, C. C. Gamer, and K. M. Herr- 
mann. 1984 The nucleotide sequence of the aroF gene of 
Escherichia coli and the amino acid sequence of the encoded 
protein, the lyrosine-sensitive 3-deoxy-i>-orfl&ino-heptuloso- 
note 7-phosphate synthase. J. Biol. Chem 259:9655-9661. 

39 Sicben, A. S., A. S. Pcrllo, and F. J. Simpson. 1966. An 
improved preparative method for D-erythrose-4'phosphate 
Can I Biochem. 44:663-669. 

40 SUbavy, T, J., L. Bermon, and L^ W. Enquist. 1984 
Experiments with gene fusions Cold Spring Harbor Labora- 
tory, Cold Spring Harbor, N Y 

41. Srinivasan, P. R„ and Dc B. Sprinson. 1959. 2-Keto-3-deoxy- 
D-ora^o-heptonic acid 7-ph08phate synthetase J Biol Chem 
234:716-722. 

42 Tribe, D. E., H. Camokaris, and J. Ptitard. 1976. Constitutive 
and repressible enzymes of the common pathway of aromatic 
biosynthesis in Escherichia coli K-12: regulaUon of enzyme 
synthesis at different growth rales. J. Bacteriol- 127:1085- 
1097. 

43 Tribe, D. E«, and J. Ptttard. 1979. Hyperproduction of tryp- 
tophan by Escherichia colh Genetic manipulation of the path- 
ways leading to tryptophan formation Appl. Environ. Micro- 
biol 38:181-190. 

44. Tsoo, S. G. S., C. F. Brunk, and R. E. Peorlman. 1983. 
Hybridization of nucleic acids directly in agarose gels Anal 
Biochem. 131:365-372.. 

45. Vogel, H. J., and D. M. Bonner. 1956 Acetylomithlnase of 



2266 MUDAY AND HERRMANN 



J. Bacteriol. 



Escherichia colli partial purification ond some properties J 

Biot Chem 218:97-106 
46 Wroy, W., R. BouUkas, V. P. Wray, and R. Hancock. 198t 

Silver staining of proteins in polyacrylamide gels Anal. Bio- 

chem. 118:197-203. 
47. Yanlscb-Perron, C, J. 'Vieira, and J. Messing. 1985. Improved 



M13 phage cloning vectors and host strains: nucleotide se- 
quences of the M13mplB and pUC19 vectors Gene 33:103-119. 
48. Yanofsky, C, and M. vanaeemput. 1982. Nucleotide sequence 
of trpE of Sdlmoneiia typhmurium and its homology with the 
corresponding sequence of Escherichia cell h Mol. Biot . 155; 
23W46. 



This Page is Inserted by IFW Indexing and Scanning 
Operations and is not part of the Official Record 



Defective images within this document are accurate representations of the original 
documents submitted by the applicant. 

Defects in the images include but are not limited to the items checked: 

□ BLACK BORDERS 

□ IMAGE CUT OFF AT TOP, BOTTOM OR SffiES 

□ FADED TEXT OR DRAWING 



^ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 



BEST AVAILABLE IMAGES 




